A single-cell assay was developed to measure the activation of phosphoinositide 3-kinase (PI3K) using microanalytical chemical separations and a fluorescently labeled lipid substrate. Phosphatidyl-inositol 4,5 bisphosphate labeled on its acyl chain with Bodipy fluorescein (Bodipy Fl PIP 2 ) was utilized as a substrate for both in vitro and cell-based assays. Detection limits for the substrate and product of the PI3K reaction were 10 to 20 zeptomol. In vitro assays with PI3K with and without pharmacologic inhibitors demonstrated that Bodipy Fl PIP 2 was converted to phosphatidyl-inositol 3,4,5 trisphosphate (Bodipy Fl PIP 3 ). Bodipy Fl PIP 3 could be back converted to Bodipy Fl PIP 2 by the phosphatase PTEN. When Bodipy Fl PIP 2 was added to a cell lysate, 1.4 fmol of the Bodipy Fl PIP 3 were produced per ng of protein in the cytoplasmic extract in 10 min. Addition of Bodipy Fl PIP 3 to a cell lysate yielded 3 fmol of Bodipy Fl PIP 2 per ng of protein in 8 min. Both Bodipy Fl PIP 2 and Bodipy Fl PIP 3 were measureable in single cells and the two species could be inter-converted. Under the appropriate conditions, a fluorescent diacylglycerol was also detected in single cells. When the Fc3R1 receptor on the cells loaded with the fluorescent lipid was cross-linked, the amount of Bodipy Fl PIP 3 generated per cell increased 4-fold over that of unstimulated cells. This production of Bodipy Fl PIP 3 was blocked by wortmannin. Chemical cytometry utilizing the fluorescent lipids will be of value in understanding lipid metabolism at the single-cell level.
Introduction
Lipid signaling is now recognized to have essential roles in health and disease, particularly cancer and inflammatory diseases. [1] [2] [3] [4] [5] [6] [7] [8] The PI3K pathway is especially important as the products of numerous oncogenes provide constitutive input signals to PI3K.
9,10 PI3K itself has been shown to be mutated in a variety of cancers as has the tumor suppressor phosphatase and tensin homolog (PTEN), a 3-lipid phosphatase, which normally down-regulates the PI3K pathway by dephosphorylating the PI3K product phosphatidyl-inositol 3,4,5-trisphosphate (PIP 3 ) to generate phosphatidyl-inositol 4,5-bisphosphate (PIP 2 ).
11 Immediately downstream of PI3K lies protein kinase B (PKB, aka Akt) which functions as an important signaling node for numerous cancer-promoting activities including cell cycle entry, resistance to apoptosis, and enhanced cell migration. 12, 13 Not surprisingly, the PI3K pathway is an active therapeutic target and novel PI3K inhibitors, both broad spectrum and isoform specific, have entered clinical trials.
Despite its importance, direct analysis of PI3K signaling in living cells is a difficult task, particularly in small samples such as those obtained from patients. [17] [18] [19] Radioactivity-based thin-layer chromatography or mass spectrometry are commonly used analytical techniques for the analysis of lipids; however, they are technically demanding, of limited sensitivity and specificity, or require sophisticated equipment. [20] [21] [22] [23] [24] [25] [26] PI3K signaling has also been analyzed by fluorescence-based methods. For example, high-throughput assays are based on phosphoinositidebinding pleckstrin homology (PH) domains as detectors in measuring the production or localization of PIP 3 , but such assays require large numbers of cells. 27, 28 GFP-tagged PH domains have been used in microscopy as an indirect assay of the enzymatic activities of PI3K and PTEN, but these molecularly engineered cellbased assays cannot be used in clinical samples. [29] [30] [31] These various limitations necessitate development of new technologies for analysis of lipid signaling in primary cells and in small samples such as from needle biopsies or fine needle aspirates.
Microanalytical chemical separation applied to high-sensitivity analyses of single cells, known as chemical cytometry, has such potential. [32] [33] [34] [35] Chemical cytometry is one of the fastest growing fields within bioanalytical chemistry as it holds great promise for understanding cell metabolism and signaling. [36] [37] [38] [39] [40] Our group has been active in this area having developed single-cell assays for protein kinases 41 and sphingosine kinase. 38 In these assays, cells are loaded with fluorescent substrates (reporters) followed by laser-based lysis of a single cell and loading of its contents into an overlying capillary where chemical separation is accomplished via capillary electrophoresis (CE). In CE, substrate and product forms of the reporter are readily separated, detected with high-sensitivity using laser-induced-fluorescence (LIF), and identified by their characteristic migration times. The ratio of the peak areas of the substrate and product are then used as a measure of the enzyme's activation. Routine detection limits correspond to an intracellular concentration of #10 nM. 41 The ability to detect the reporter at nanomolar concentrations means that concentrations can be used at or below those of endogenous substrates so that competition between the endogenous substrate and exogenous reporter is minimal.
41
Phosphorylated products can also be dephosphorylated by phosphatases; therefore, the measurement reflects the dynamic equilibrium of the kinase and phosphatase activity in the cell. 38, 41 Furthermore, the ability to analyze multiple analytes in individual cells enables the identification of cell-to-cell heterogeneity with respect to biochemical behavior.
Understanding this heterogeneity is particularly important for lipid signal transduction since lipid levels are dynamic with biosynthesis and metabolism being robust in most cells. [17] [18] [19] Recently chemical reagents have become available to enable biochemical studies of these rich metabolic networks, particularly in cell-based assays. 17, 42 Fluorescently labeled lipids have been shown to localize and translocate in the same manner as the endogenous substrates, and have been useful for monitoring dynamic changes in cells. [42] [43] [44] Lipids tagged with fluorophores have also been developed as substrates for a variety of enzymes, often with similar kinetics to the endogenous substrate. 38, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] When coupled with chemical cytometry, these new chemical tools may make it possible to perform direct, quantitative measurements of the activation of PI3K and other lipid metabolizing enzymes in single cells. In the current work, a single-cell biochemical assay for PI3K was developed and validated using a tumor cell line. A fluorescently labeled PIP 2 was used as a substrate of PI3K. An in vitro reaction with purified PI3K using CE-LIF to monitor the phosphorylation of the substrate demonstrated the feasibility of the assay format. The fluorescent PIP 2 was then tested in a cell lysate to confirm that its phosphorylation occurred and a separation could be performed in the presence of cellular constituents. Microscopy was used to monitor and optimize the loading of the exogenous substrate into cells. Lastly, single-cell assays were undertaken to measure the phosphorylation and dephosphorylation of substrate by PI3K and PTEN, respectively. Specific inhibition of the enzymes provided additional validation for the single-cell measurements. The current work sought to apply this separation scheme to singlecell analyses of PIP 2 and PIP 3 metabolism; therefore, it was necessary to extend the earlier work to establish that adequate sensitivity could be attained to accomplish this goal. Due to the biochemical nature of the enzyme measurements, it was desired to introduce the fluorescent substrate at the lowest possible cellular concentration; otherwise, excessive amounts of the exogenous lipid could serve to overwhelm the cellular signaling networks with a substrate that might perturb cellular physiology. In mammalian cells the estimated concentration of PIP 2 (averaged across the cell volume) is 10 mM, or 10 À18 mol in a typical mammalian cell of 1 pL.
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A series of separations using standard solutions of Bodipy Fl PIP 2 and Bodipy Fl PIP 3 were undertaken to establish the sensitivity and reproducibility in the separation of these analytes. Free fluorescein was employed as an internal standard in the electrophoretic traces. Fluorescein (1 nM), Bodipy Fl PIP 2 (1 nM) and Bodipy Fl PIP 3 (1nM) and were loaded simultaneously into a capillary and separated. The peak area of Bodipy Fl PIP 2 and Bodipy Fl PIP 3 was divided by that for the fluorescein internal standard. The migration times of Bodipy Fl PIP 2 and Bodipy Fl PIP 3 were also normalized by division of the migration time of the fluorescein peak. 63 The relative standard deviation (RSD) for the lipids was calculated from this normalized data. The migration times for Bodipy Fl PIP 2 and Bodipy Fl PIP 3 were highly reproducible with respect to that of fluorescein with RSDs of 0.6% and 0.7%, respectively (n ¼ 10). The reproducibility of the peak areas for Bodipy Fl PIP 2 and Bodipy Fl PIP 3 was less consistent with RSDs of 10.0% and 14.2%, respectively (n ¼ 10). This relatively large RSD for the peak area was likely due to variability in the injected volume of sample since analyte loading into the capillary was performed manually; however, the ratio of the normalized peak areas (1.0 AE 0.1) for Bodipy Fl PIP 2 and Bodipy Fl PIP 3 was excellent. The method can accurately measure the ratio of these two lipid species. To determine the detection limits of the lipids in the capillary, the lipid/fluorescein solution was progressively diluted and then separated. When 10 À20 mol of either lipid was loaded into the capillary, the noise height of the baseline was one third of the peak height of the lipids. Under the conditions used, the limit of detection for both species was 1 Â 10 À20 mol, which was 100-fold less than the expected amount of endogenous PIP 2 in a single cell (see above). The detection limits were approximately 10-fold higher than other small molecule analytes such as fluorescein-labeled peptides. 41 This may in part be due to losses on vessel walls during dilution of the lipid prior to electrophoresis.
Phosphorylation of Bodipy Fl PIP 2 by PI3K
A fluorescein-labeled PIP 2 was previously shown to function as an in vitro substrate of PI3K. 64 Thus, it was likely that the Bodipy Fl PIP 2 could also serve as a substrate for PI3K. PI3K was incubated with Bodipy Fl PIP 2 with or without ATP (1 mM), and the reaction mixture was analyzed by CE after varying incubation times. In the presence of ATP, the electropherogram revealed a peak possessing a longer migration time than that of Bodipy Fl PIP 2 (Fig. 1A) . The area of this peak increased as the incubation time increased (Fig. 1B) . This peak co-migrated with a standard of Bodipy Fl PIP 3 . When the assay was performed in the absence of ATP, this additional peak was not observed. In the presence of wortmannin (100 nM), an irreversible inhibitor of PI3K 65 and ATP (1 mM), the latter peak was not observed over 180 min of incubation (Table 1) . Based on these data, this latter peak was identified as Bodipy Fl PIP 3 . In the presence of ATP and without wortmannin, 30 AE 4% (n ¼ 3) of Bodipy Fl PIP 2 was phosphorylated over 180 min under these conditions (Fig. 1B , Table 1 ). In addition to the expected lipid and internal standard peaks, an additional
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Faraday Discuss., 2011, 149, 187-200 | 189 peak (peak 3) was observed that co-migrated with a standard of Bodipy-fluorescein labeled phosphatidyl-inositol 5-phosphate (Bodipy Fl PIP 1 ). However, the addition of a phosphatase inhibitor cocktail containing orthovanadate, b-glycerophosphate and the PTEN inhibitor bpv(pic) was ineffective in preventing the formation of the analyte co-migrating with Bodipy Fl PIP 1 (data not shown). While it was likely that peak 3 was a Bodipy Fl PIP 1 , its identity must be confirmed by additional means. The presence of a 3rd peak during in vitro reactions with purified PI3K has been reported previously for fluorescein-labeled PIP 2 . 64 Similarly, PI3K assays using thin-layer chromatography or HPLC have shown additional species consistent with the current findings.
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Dephosphorylation of Bodipy Fl PIP 3 
by PTEN
In cells, dephosphorylation of PIP 3 by the phosphatases PTEN or Src homology 2 domain-containing inositol 5 0 phosphatase (SHIP2) acts to convert PIP 3 to PIP 2 . To determine if Bodipy Fl PIP 3 might be dephosphorylated, this lipid was incubated with PTEN phosphatase for varying times and the reaction mixture was separated by CE. Under the conditions used, 75 AE 10% (n ¼ 3) of Bodipy Fl PIP 3 was dephosphorylated to form Bodipy Fl PIP 2 over 10 min (Fig. 1C , Table 1 ). In contrast to the PI3K assay, only peaks co-migrating with Bodipy Fl PIP 2 , Bodipy Fl PIP 3 , or the fluorescein standard were present on the electropherogram. The addition of fresh PTEN into the reaction mixture at 10 min intervals resulted in additional conversion of Bodipy Fl PIP 3 to Bodipy Fl PIP 2 suggesting that PTEN was not stable under these conditions. The assay was then performed in the presence of bpv(pic) (500 nM), a PTEN inhibitor. No peak co-migrating with a Bodipy Fl PIP 2 standard was observed over 1 h even with addition of fresh PTEN at 10 min intervals. These data suggest that the Bodipy Fl PIP 2 and Bodipy Fl PIP 3 might serve as enzyme substrates within cells.
Separation and detection of fluorescent lipids loaded into cell lysates
A challenge that exists in the use of these fluorescent lipid probes for cell-based assays by CE is whether these probes can be successfully extracted from cellular membranes, since the lipids can be expected to partition into the lipid bilayer of the plasma membrane and organelles. Numerous intracellular proteins are also known to associate with these lipids. 9 For successful CE-based analysis, these reporters must be extracted from membrane and cytosol, separated and detected. To evaluate the potential to use these compounds for performing assays in the presence of cellular constituents, Bodipy Fl PIP 2 (5 mM) or Bodipy Fl PIP 3 (5 mM) was incubated with a cell lysate followed by CE analysis using a protocol similar to that used for the assays with purified proteins. The RSDs for the normalized peak areas for Bodipy Fl PIP 2 and Bodipy Fl PIP 3 in the lysate were 9.0% and 11.5%, respectively (n ¼ 3). These results were similar to those achieved in the assay of the lipid using purified proteins. Based on the peak areas of each analyte compared with that of standards, the percentage of each analyte recovered in the sample was 73 AE 7% for Bodipy Fl PIP 2 and 64 AE 5% for Bodipy Fl PIP 3 . Thus, recovery of each of the lipids from the cellular milieu is similar. When separated from the cell lysates, the limit of detection for both species was 2 Â 10 À20 mol (S/N ¼ 3). These data support the feasibility of retrieving and accurately measuring the substrate and product lipid forms in the presence of cellular components.
Phosphorylation and dephosphorylation of fluorescent lipids in cell lysates
To determine whether PI3K in cell lysates might metabolize Bodipy Fl PIP 2 , this fluorescent lipid (5 mM) was added to cell lysates preincubated with bvp(pic) (10 mM, 30 min) to inhibit PTEN activity and the assay mix was incubated for varying times at room temperature followed by CE-based separation. A peak co-migrating with Bodipy Fl PIP 3 was observed ( Fig. 2A) suggesting that the conversion of Bodipy Fl PIP 2 to Bodipy Fl PIP 3 by PI3K in the cell lysates was occurring. Of note, a peak co-migrating with peak 3 (or Bodipy Fl PIP 1 ) was also present on the electropherogram and the area of this peak was greater than that of Bodipy Fl PIP 3 . After 10 min of incubation with the cell lysate, 14 AE 3% of the Bodipy Fl PIP 2 remained while 28 AE 2% had been converted to Bodipy Fl PIP 3 and 58 AE 2.5% to the peak-3 analyte (Table 1) . At this time point, 1.4 fmol of the Bodipy Fl PIP 3 were produced per ng of protein in the cell lysate. In the presence of the PI3K inhibitor wortmannin (100 nM) and bpV(pic), no Bodipy Fl PIP 3 was present at the 10-min time point while 92 AE 5% of the fluorescent lipid was present in peak 3. In the absence of wortmannin and bpV(pic), 11 AE 4% was present in the Bodipy Fl PIP 3 peak and 82 AE 5% in the peak co-migrating with Bodipy Fl PIP 1 at 10 min.
As with the purified PI3K, at least two enzymes metabolized the Bodipy Fl PIP 2 in the cell lysate.
To determine whether Bodipy Fl PIP 3 might also be metabolized in the lysate, Bodipy Fl PIP 3 (5 mM) was incubated with the cell lysate and at varying times aliquots were analyzed by CE. A peak with a migration time corresponding to that of Bodipy Fl PIP 2 was observed after 1 min (12 AE 3%), which suggested that Bodipy Fl PIP 3 was serving as a phosphatase substrate in the lysate (Fig. 2B , Table 1 ). The peak area of Bodipy Fl PIP 2 continued to increase with time, but after 2 min a peak corresponding to the analyte co-migrating with Bodipy Fl PIP 1 peak (peak 3) was also present. After 8 min of incubation, the appearance of Bodipy Fl PIP 2 reached a maximum at 59 AE 4% and then began to decline as the peak area of the peak-3 species increased proportionately. At this 8-min time point, 3 fmol of the Bodipy Fl PIP 2 were produced per ng of protein in the cell lysate. When the lysate was incubated with bpV(pic) (500 nM, 30 min) and then Bodipy Fl PIP 3 added, 19 AE 2% was present as Bodipy Fl PIP 2 and analyte corresponding to peak 3 was observed. When the inhibitor concentration was increased to 10 mM, no peaks co-migrating with either Bodipy Fl PIP 2 or peak 3 were observed. These results suggest that the peak-3 analyte is derived from PIP 2 and is very likely a form of Bodipy Fl PIP 1 .
Loading cells with fluorescent lipids
To detect the activation of PI3K and lipid phosphatases in intact cells, the fluorescent lipids must be translocated across the cell membrane so that the lipids are accessible to cytosolic enzymes. In the current experiments, the cells were loaded with the lipid by first forming a 1 : 1 complex between the lipid and histone. 59, 68, 69 To examine the rate at which Bodipy Fl-PIP 2 loaded into cells, the fluorescence of the cells was measured after addition of Bodipy Fl-PIP 2 :histone (2 mM) to the cells. Cellular fluorescence increased within 30 s of addition of the Bodipy Fl-PIP 2 :histone to the cell chamber suggesting that the fluorescent lipid was rapidly incorporated into the cells. The fluorescence of the cells reached a plateau within 5 min indicating that no more lipid was loaded after that time (data not shown). When cells were examined by bright-field microscopy following addition of Bodipy-Fl-PIP 2 :histone, the cells were noted to become more refractile with small granular objects surrounding the cell (Fig. 3A) . Cells incubated under identical conditions without Bodipy-Fl-PIP 2 :histone did not undergo this morphologic change. Since RBL cells contain secretory granules, it was possible that the observed material surrounding the lipid-loaded cells was secreted in response to the incorporation of Bodipy Fl-PIP 2 into the cells.
Prior investigators have observed increases in [Ca

2+
] i when cells were loaded with a high concentration of PIP 2 -histone complex (40 mM of a 1 : 1 complex). 59 The elevation in [Ca 2+ ] i was thought to be the result of conversion of the PIP 2 to inositol 1,4,5-trisphosphate (IP 3 ) by phospholipase C (PLC). This hypothesis was supported by data showing that pre-exposure of cells to the PLC inhibitor U73122 abrogated the fluorescence increase. 59 Conversion of PIP 2 into other active signaling species by the process of cell loading could yield substantial artifacts in a cell-based assay designed to measure the physiologic conversion of PIP 2 into its metabolites. 1, 70 In the current experiments, the concentration of Bodipy Fl-PIP 2 incubated with the cells was 1/20 that loaded into cells by Ozaki et al. and 1/5 that the averaged PIP 2 cellular concentration. 62 However, since Bodipy Fl-PIP 2 is likely more concentrated in the membrane relative to that in the surrounding medium, the uptake into the cells may have been sufficient to increase flux through the PLC pathway, generating IP 3 and increasing [Ca 2+ ] i . To determine whether loading cells using the PIP 2 :histone procedure increased [Ca 2+ ] i , RBL cells were first loaded with the calcium indicator Fluo-3 and then incubated with nonfluorescent PIP 2 in an equimolar complex with 2 mM histone. The fluorescence intensity of the cells increased within 30 s after addition of the complex and persisted beyond 10 min suggesting that incubation of cells in as little as 2 mM PIP 2 :histone resulted in an increase in [Ca 2+ ] i (Fig. 3B) . Notably addition of histone alone (2 mM) led to a transient increase in Fluo-3 fluorescence which returned to baseline within 3 min. These data suggested that the rise in [Ca 2+ ] i was the result of an initial perturbation of the plasma membrane by histone with a more prolonged effect due to the PIP 2 , perhaps as a result of its conversion to IP 3 .
To determine whether cells could be loaded with PIP 2 without an increase in [Ca 2+ ] i , Fluo-3-loaded cells incubated with PIP 2 :histone (0.5 mM) while monitoring their fluorescence intensity. No change in the fluorescence intensity of the cells was observed over 10 min (Fig. 3D) . Concomitant observation by brightfield demonstrated that the morphology of the cells was also not altered by the loading procedure (Fig. 3C ). Loading cells with a low concentration of the PIP 2 :histone complex did not lead to a detectable rise in [Ca 2+ ] i and pathways downstream of PIP 2 were likely not activated. 
Formation of Bodipy Fl PIP 3 and Bodipy Fl PIP 2 in single RBL cells
To demonstrate that fluorescent lipids from single cells could be quantified by CE, serum-starved RBL cells were loaded with Bodipy Fl PIP 2 :histone (0.5 mM). Single cells were then sampled and analyzed by CE. Fig. 4A shows a typical electropherogram for a single cell loaded with Bodipy Fl PIP 2 . By 10 min of incubation, a peak co-migrating with Bodipy Fl PIP 3 was present on the electropherogram. In these experiments, only 2 AE 1% (n ¼ 10) of Bodipy Fl PIP 2 was phosphorylated in the cell (Table 1) . No peak co-migrating with Bodipy Fl PIP 1 was evident on the electropherogram. When cells were preincubated with wortmannin (100 nM, 30 min) and then incubated with Bodipy Fl PIP 2 for 10 min, no peak corresponding to Bodipy Fl PIP 3 was observed.
To investigate lipid phosphatase activity, serum-starved RBL cells were incubated with Bodipy Fl PIP 3 :histone (0.5 mM). Individual cells were then analyzed by CE (Fig. 4B) . In these experiments, 9 AE 3% (n ¼ 5) of the Bodipy Fl PIP 3 was converted to Bodipy Fl PIP 2 by 10 min. No peak corresponding to Bodipy Fl PIP 2 was present when cells were preincubated with the inhibitor bpV(pic) (500 nM, 30 min), and then incubated with Bodipy Fl PIP 3 :histone (0.5 mM). The ability of lipid phosphatases to act on Bodipy Fl PIP 3 suggests that the single-cell measurements may reflect the combined actions of PI3K and phosphatase in the cells.
Formation of Bodipy Fl PIP 2 metabolites in single RBL cells loaded with high concentrations of Bodipy Fl PIP 2
To investigate the fate of Bodipy Fl PIP 2 in activated cells, RBL cells were loaded with a high concentration Bodipy Fl PIP 2 :histone complex (2 mM). After incubation for 10 min, single cells were analyzed by CE (Fig. 4C) . A peak co-migrating with Bodipy Fl PIP 3 was present on the electropherogram and comprised 15 AE 6% (n ¼ 5) of the fluorescent lipid (Table 1) . Multiple additional peaks were observed on the electropherogram which did not co-migrate with either Bodipy Fl PIP 2 or peak 3. The final peak on the electropherogram co-migrated with a standard of Bodipy Fl DAG generated by reacting Bodipy Fl PIP 2 with purified PLC. These data suggest that in the intact cells, Bodipy Fl PIP 2 could be acted upon by both PI3K and PLC. The formation of Bodipy Fl DAG by PLC implies the formation of IP 3 which is consistent with the observed rise in [Ca 2+ ] i and degranulation of RBL cells loaded with 2 mM Bodipy Fl PIP 2 :histone.
To determine whether inhibition of PI3K by wortmannin could be measured in cells, RBL cells were preincubated with wortmannin (100 nM, 30 min), and then incubated with 2 mM Bodipy Fl PIP 2 :histone for 10 min. No peak corresponding to Bodipy Fl PIP 3 or Bodipy Fl DAG was observed in the single cells (Fig. 4D) . These results are consistent with wortmannin's reported inhibition of both PI3K and PLC-mediated signaling in RBL cells.
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Formation of Bodipy Fl PIP 3 
in single cells after Fc3 receptor activation
To determine if metabolism of the fluorescent lipids was increased in single cells following physiologic activation, RBL cells were loaded with Bodipy Fl PIP 2 :histone (0.5 mM) followed by cross-linking of the Fc3 receptor by antigen. Single cells were then analyzed by CE (Fig. 5A) . As a percentage of the total fluorescent lipid in the cell, 4-fold more Bodipy Fl PIP 3 was produced in cells stimulated by cross-linking their Fc3 receptor relative to those without stimulation (Fig. 5B, Table 1 ). To inhibit the activity of PI3K, cells were preincubated with 100 nM wortmannin and then stimulated with antigen. No peak corresponding to Bodipy Fl PIP 3 was observed suggesting that the fluorescent lipids in combination with CE can be used to assess the activation of PI3K in single cells. (Bodipy Fl PIP 3 , C6), PIP 2 and PIP 3 were obtained from Echelon Biosciences Inc. (Salt Lake City, UT, USA). PI3K (p110a/p85a), and PTEN were procured from Millipore Corp. (Billerica, MA, USA). Fluo-3 AM (fluo-3 acetoxymethyl ester) , fluorescein (Fl), bovine serum albumin labeled with 2,4-dinitrophenyl (DNP-BSA), anti-DNP rat IgE, DMEM media and all other tissue culture reagents were purchased from Invitrogen (Carlsbad, CA, USA). EOTrol LR (low reverse) polymer solution was acquired from Target Discovery (Palo Alto, CA, USA). Wortmannin and dipotassium bisperoxo (picolinato) oxovanadate (V) (bpV(pic)) were obtained from Enzo Life Sciences International Inc. (Plymouth Meeting, PA, USA). All other reagents were procured from Fisher Scientific (Pittsburgh, PA, USA).
PI3K assay
In vitro assays were performed at a PI3K concentration of 10 nM and a Bodipy Fl PIP 2 concentration of 5 mM with a total reaction volume of 40 mL at room temperature. The assay was conducted in the presence or absence of 1 mM ATP. In some experiments, 100 nM wortmannin was added to the reaction mixture before addition of the lipid. Aliquots (5 mL) were removed from the reaction mixture at 0, 10, 30, 60, 90, 120 and 180 min time points. The reaction was stopped by diluting the aliquot in propanol (5 mL) followed by flash freezing in liquid nitrogen. Samples were thawed and diluted 200-fold in water just prior to CE analysis. The percentage of Bodipy Fl PIP 3 present in the mixture was determined by dividing the peak area of the Bodipy Fl PIP 3 by the area of all of the peaks on the electropherogram.
PTEN assay
The assay was performed with a PTEN concentration of 200 nM and a Bodipy Fl PIP 3 concentration of 5 mM with a total reaction volume of 40 mL (5 mM HEPES, pH 8) at room temperature. The assays were performed without and with 500 nM bpV(pic), a pharmacologic inhibitor of PTEN. Aliquots (5 mL) were removed from the reaction mixture at 0, 1, 2, 5, 10, and 20 min time points. The reaction was stopped by diluting the aliquot with 5 mL propanol followed by flash freezing in liquid nitrogen. Samples were thawed and diluted 200-fold in water just prior to analysis. The percentage of Bodipy Fl PIP 2 present in the mixture was determined by dividing the peak area of the Bodipy Fl PIP 2 peak area by the area of all of the peaks on the electropherogram.
Preparation of Bodipy Fl diacylglycerol (DAG) standard
Bodipy Fl PIP 2 (5 mM) was incubated with phospholipase C (PLC, 1 ng) in a total reaction volume of 40 mL (50 mM HEPES, 35 mM KCl, 3 mM CaCl 2 , 2 mM DTT, 3 mM EGTA, pH 7.2) at room temperature. The PLC protein used was provided by Professor John Sondek (Department of Biochemistry and Biophysics, UNC). An aliquot (5 mL) was taken from the reaction mixture after 120 min and the reaction was stopped by diluting the sample volume in 5 mL propanol followed by flash freezing in liquid nitrogen. Samples were thawed and diluted 200-fold in water just prior to analysis.
Cell culture
Rat basophilic leukemia 2H3 mast cells (RBL) were used since they express high levels of the p110a isoform.
73 RBL cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 584 mg L À1 L-glutamine, 100 units/mL penicillin and 100 mg mL À1 streptomycin. Cells were maintained at 37 C in a humidified 5% CO 2 atmosphere. Cells for use in single-cell, CE experiments were plated the day before the experiment in custom-made cell chambers created from a #1 glass coverslip to which a silicon ''O'' ring was attached using poly(dimethyl siloxane) (Sylgard 184). 74 For experiments using serum-starved cells, the media was exchanged with DMEM lacking FBS 8-12 h before the start of the experiment.
Preparation of RBL cell lysates
A suspension of 400 000 RBL cells in 10 mL media was centrifuged, and the pellet was washed in deionized water (1 mL) Â 3 at 4 C. The washed cell pellet was then suspended in 200 mL of deionized water and monitored under the microscope for complete lysis before use. 75 Cell debris and nuclei were removed by centrifugation at 16 000 Â g for 10 min at 4 C. The protein concentration in the lysate was determined by reaction with 3 mg mL À1 fluorescamine for 5 min followed by measurement of fluorescence and comparison to a standard curve. For assay of PI3K or phosphatase activity, the lysate was diluted in water to a final protein concentration of 1 mg mL À1 and incubated with either Bodipy Fl PIP 2 or Bodipy Fl PIP 3 . For PI3K assays, ATP (1 mM) was added to the reaction mix.
Cell loading with fluorescent lipid reagents
Bodipy Fl PIP 2 or Bodipy Fl PIP 3 was loaded into RBL cells as described previously. 59, 68, 69 Briefly, the lipid was mixed with histone in a 1 : 1 molar ratio and then incubated for 10 min at room temperature. The mixture was then diluted in a physiological extracellular buffer (ECB: 135 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10 mM HEPES, 10 mM glucose, pH 7.4) to the desired final concentration. The lipid:histone complex was incubated with cells at room temperature for 5 min. After loading, the cells were washed five times with ECB and allowed to recover for 5 min at 37 C.
Fluorescence microscopy and image analysis
Fluorescence imaging was performed using a 20Â 0.50 N.A., Fluor, air objective on an inverted fluorescence microscope (Nikon Ti, Melville, NY) and a standard fluorescein filter set (ex/em 488 nm/535 nm). Transmitted light and fluorescence images were obtained with a cooled CCD camera (Photometrix, Phoenix, AZ) using Metamorph image acquisition software (Molecular Devices, Sunnyvale, CA).
Detection of increases in intracellular free calcium ([Ca
2+ ] i ) in RBL cells
The calcium indicator dye Fluo-3 (k D ¼ 400 nm for Ca
2+
) was used to measure relative increases in [Ca 2+ ] i during the loading of lipids. Cells were cultured on a glass coverslip in DMEM without serum overnight. Prior to the experiment, the cells were incubated in ECB with 1 mM Fluo-3 AM at 22 C for 15 min. Cells were then washed with ECB and allowed to recover in ECB with 10 mM glucose at 37 C for 30 min. Fluorescence imaging of the cells was performed at room temperature. Images were collected every 30 s for 10 min to confirm that the fluorescence intensity was stable, then the cells were incubated with the PIP n -histone complex at various concentrations and fluorescence images were again collected every 30 s for 10 min.
Activation of RBL cells through the Fc3R1 receptor
RBL cells possess the tyrosine kinase linked Fc3R1 receptor that when bound to IgE and cross-linked with antigen leads to activation of PI3K. 73 The cells were stimulated as previously described. 76 Briefly, RBL cells were preincubated overnight with immunoglobulin E (IgE) against dinitrophenyl (DNP, 1 mg mL
À1
). The cells were washed to remove excess IgE. At the desired time, cells were activated by the addition of polyvalent antigen (0.1 mg mL À1 DNP-BSA) for 10 min at 37 C.
Capillary electrophoresis CE analysis of lipid analytes was performed using a custom-built CE system with laser-induced fluorescence detection scheme as previously described. 60 Fused-silica capillaries (40 cm length, 50 mm i.d., 360 mm o.d., Polymicro Technologies, Phoenix, AZ) were used for the analyte separations. A voltage of 15 kV was applied across the capillary during electrophoresis. For CE analysis of the in vitro reaction mixtures, sample volumes (1 nL) were loaded by hydrodynamic injection. The number of mol of analyte present in each sample was determined by comparing the peak areas on the electrophoretic trace with standards as described previously.
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Separation of Bodipy Fl PIP 2 and Bodipy Fl PIP 3 was performed in 100 mM Tris, 10 mM SDC, 1 mM MgCl 2 , 30% 1-propanol, and 5% EOTrol LR, at pH 8.5. Fluorescein (1 nM mixed with the analyte) was used as an internal standard. Prior to each run, the capillary was flushed with 1 M NaOH for 3 min, deionized H 2 O for 3 min, and the separation buffer for 3 min using a pressurized washing system at 20 psi.
Single-cell CE analysis
A custom-built CE-laser-induced fluorescence (LIF) system mated with a microscope was used for the single-cell analyses.
77 A custom-made chamber in which cells were plated was placed on an inverted microscope (Nikon TE2000, Melville, NY), and the inlet of the capillary was positioned 50 mm above the cell to be analyzed. A pulsed Nd:YAG laser (5 ns, 532 nm, Minilase, New Wave Research, Fremont, CA) integrated with the microscope was used to lyse the cell. Simultaneously with the firing of the laser, an electric field of 25 V cm À1 was applied across the capillary for 10 s to load the cell contents into the capillary. The capillary was then moved to a reservoir containing the electrophoresis buffer and electrophoresis initiated (300 V cm À1 , inlet at ground). Peaks of fluorescent cellular analytes were detected by LIF and recorded as electropherograms. In some experiments, the sample was spiked with a standard of Bodipy Fl PIP 2 or Bodipy Fl PIP 3 (1 nM) immediately prior to cell lysis to confirm the identity of the peak in the electropherogram.
Conclusion
An assay has been validated for PI3K and related phosphatases, including PTEN, with a number of advantages over conventional methods, particularly for cell-based assays. This method is enabled by combining microanalytical chemical separations with fluorescently labeled lipids to provide quantitative information on the conversion of a lipid substrate to metabolic end products. The format possesses the flexibility to study purified enzymes, cell lysates, or individual cells. Importantly, the chemical separation step enables the quantitative determination of both substrate and product(s) as well as side products. The resolving power of CE permits quantitation of not only the reversible conversion of a fluorescently labeled PIP 2 to the PIP 3 product, but also the measurement of multiple metabolic products simultaneously in the same sample. Moreover, with the sensitivity limits of LIF detection in a capillary, analysis of these metabolites in single cells has been achieved. Such information will be critical to enhance understanding of important signal transduction and homeostatic networks at the single-cell level. With the increasing interest in biochemical measurements of the PI3K pathway for cellular signal transduction, this assay can be expected to find broad application in biological and biomedical investigations. Information rich cell-based assays of pharmaceutical compounds targeting this pathway can now be readily performed. Furthermore, the small sample size needed in this method opens up the possibility of performing drug assays directly on samples of patient cells.
